After ischaemic injury and in patients with atherosclerosis, the pool of inflammatory macrophages is enlarged in the heart and in atherosclerotic plaques. Monocyte/macrophage-derived microparticles (MPs) are part of the pathological process of unstable atherosclerotic plaques. The present study focused on effects of MPs, produced by apoptotic murine RAW 264.7 macrophage cell line, in adult murine cardiomyocytes. Flow cytometry and western blot analysis showed that these MPs contained the soluble form of tumour necrosis factor alpha (TNF-a). Cardiomyocyte sarcomere shortening amplitudes and kinetics were reduced within 5 min of exposure to these MPs. Conversely, Ca 2 ' transient amplitude and kinetics were not modified. The contractile effects of MPs were completely prevented after pretreatment with nitric oxide synthase, guanylate cyclase or TNF-a inhibitors as well as blocking TNF-a receptor 1 with neutralizing antibody. Microscopy showed that, after 1 h, MPs were clearly surrounding rod-shaped cardiomyocytes, and after 2 h they were internalized into cardiomyocytes undergoing apoptosis. After 4 h of treatment with MPs, cardiomyocytes expressed increased caspase-3, caspase-8, Bax and cytochrome C. Thus, MPs from apoptotic macrophages induced a negative inotropic effect and slowing of both contraction and relaxation, similar to that observed in the presence of TNF-a. The use of specific inhibitors strongly suggests that TNF-a receptors and the guanylate cyclase/cGMP/PKG pathway were involved in the functional responses to these MPs and that the mitochondrial intrinsic pathway was implicated in their proapoptotic effects. These data suggest that MPs issued from activated macrophages carrying TNF-a could contribute to propagation of inflammatory signals leading to myocardial infarction.
T he healthy myocardium hosts a large number of macrophages that are among the largest cardiac resident cell populations, with fibroblasts, myocytes and endothelial cells (for recent review, see Ref. 1) . Heart macrophages deserve attention because they perform numerous tasks in wound healing, regeneration and tissue remodelling. They are recognized as central actors in cancer, infection, rheumatoid arthritis, diabetes, obesity, atherosclerosis and stroke. Furthermore, after ischaemic injury and in patients with atherosclerosis, an increased production and supply of inflammatory monocytes likely enlarge the pool of inflammatory macrophages in the heart and in atherosclerotic plaques. These inflammatory macrophages may directly harm cardiomyocytes due to their ability to produce the tumour necrosis factor alpha (TNF-a), a pro-inflammatory cytokine that induces myocyte apoptosis (2) and a negative inotropic effect (3, 4) , cardiac b-adrenergic dysfunction (5) , sphingosine production (6), phospholipase A2 activation/increased arachidonic acid (7) and inducible nitric oxide (NO)-synthase (NOS) activity (3) . Elevated expression levels of TNF-a in cardiomyocytes and increased plasma concentrations of TNF-a have been reported in patients with end-stage heart failure (8) . Experimental animal studies also showed that cardiac-specific overexpression of TNF-a results in the development of a dilated cardiomyopathy with ventricular hypertrophy, ventricular dilation and other cardiomyopathy-like phenotype (9) . Furthermore, high plasma levels of TNF-a are found in cardiac diseases in which left ventricular dysfunction develops, such as septic shock, reperfusion injury, myocardial infarction, myocarditis, cardiac allograft rejection and congestive heart failure (10) . TNF-a induces its biological effects by binding to 2 distinct sarcolemmal receptors, TNF receptors 1 and 2 (TNFR 1 and 2) (11) . Upon binding to TNF-a, the TNFRs recruit a number of molecules to form the TNFR complex, which in turn initiates the activation of downstream signalling cascade (12) . Both TNFR1 and TNFR2 are expressed in murine heart, but deleterious effects of TNF-a seem mainly initiated by activation of TNFR1 (reviewed in Ref. 13 ). Thus, TNF-a/TNFR1 signalling induces mitochondrial dysfunction, reactive oxygen species (ROS) production, contractile abnormalities and cell death (4, 11) .
Microparticles (MPs) are extracellular vesicles of 0.1Á1 mm in diameter, with pro-coagulant and pro-inflammatory properties (14) . Briefly, according to source cell type and triggering stimuli specificity (i.e. chemical/physical activation resulting in sustained high [Ca 2 ' ] i or apoptosis), MP formation occurs due to cytoskeleton disruption and subsequent plasma membrane blebbing. MPs contain nucleic acids, proteins and antigens from their cells of origin.
Circulating MPs are present in the blood of healthy individuals, but MP formation increases with some diseased states, such as metabolic syndrome, sepsis, pre-eclampsia, rheumatoid arthritis, diabetes and in various clinical situations associated with thrombosis. Thus, several types of MPs including leukocyte-derived MPs are present in atherosclerotic plaques (15, 16) . Leukocyte-derived MPs are part of the pathological process of unstable atherosclerotic plaques and are thought to contribute to plaque rupture and subsequent myocardial infarction or stroke (17) . As shown by Leroyer et al. (18) , the majority of plaque MPs originates actually from leukocytes (more than 50%) of which almost 30% were from macrophages. Subsequently, it was shown that a large proportion (!90%) of these MPs are CD14' indicating their monocyte/ macrophage origin (15) .
In the present study, we have focused on MP released by apoptotic macrophages, testing the hypothesis that they could carry TNF-a and thus induce deleterious effects in adult myocardial cells. The murine RAW 264.7 cell line was used as a model for macrophages (19) and we investigated the effects of MPs released via apoptosis induced by actinomycin D upon contractility in cardiomyocytes isolated from hearts of adult C57BL/6 mice.
Material and methods

Ethical approval
All experimental procedures were conducted in compliance with local guidelines for the care and use of laboratory animals (authorizations n8D49007002 on 17/07/2012). Furthermore, the study complied with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication, 8th edition, Washington (DC): National Academies Press (US); 2011. 2, Animal Care and Use Program).
Preparation of MPs
The murine RAW 264.7 macrophage-like cell line was obtained from BALB/c mice (American Type Culture Collection, Manasses, VA). Cells were maintained at 378C in 5% CO 2 /95% air in DMEM (Lonza, Basel, Switzerland) supplemented with 10% decomplemented foetal calf serum (FCS, Invitrogen, Cergy Pontoise, France), 1% penicillin/ streptomycin (GE Healthcare, Little Chalfont, Buckinghamshire, UK) and 1% L-glutamine (Lonza). Cells were seeded in culture plates (2 )10 6 /mL) and then treated with actinomycin D (1 mg/mL) for 24 h. Following treatment, supernatants were harvested and centrifuged twice at 1,500 g for 15 min and 5 min in order to eliminate cells and large debris, respectively. Remaining supernatant was subjected to 3 series of centrifugation (13,000 g for 1 h, then twice at 13,000 g for 45 min), to pellet MPs and the supernatant was replaced by 200 mL of 0.9% saline salt solution and stored at 48C until subsequent use. Preliminary studies analyzing the concentration-dependent MP effects showed that 1 mg/mL corresponds to the maximally effective concentration in inducing functional effects and thus we used this concentration to analyze the impact of MPs upon contractility. With regard to apoptosis, we used 10 mg/mL, a concentration in accordance with that used to study apoptosis triggered by MPs from lymphocytes in bronchial epithelial cells (20) . Determination of the corresponding amount of MPs was carried out by measuring MP-associated proteins determined against bovine serum albumin standards (Lowry method).
Then, Flow-count fluorospheres (2 mL, equal to volume of MPs) (Beckman Coulter, Villepinte, France) were added in order to calculate MP count. The samples were analyzed in a flow cytometer 500 MPL System (Beckman Coulter) using the MXP software (Beckman Coulter). Sample analysis was stopped after the count of 10,000 events.
Isolated cardiomyocyte preparation Ventricular cardiomyocytes were isolated from 8-to 10-week-old male adult C57BL/6 mice. Mice were pretreated with heparin (i.p. 100 U, 5 min, Heparine Choay, Sanofi Aventis, Paris). Then, mice were euthanized by CO 2 . The heart was rapidly excised, rinsed in ice-cold Hanks-HEPES buffer [in mM: NaCl 113, KCl 4.7, NaHCO 3 12, KHCO 3 10, Na 2 HPO 4 0.6, KH 2 PO 4 0.6, MgCl 2 1.2, HEPES 10, glucose 5.5, taurine 29, supplemented with 2,3-butanedione monoxime (BDM) 10, pH 7.4], and then mounted on a Langendorff perfusion system and perfused (3 mL/min at 378C) first with Hanks-HEPES buffer for 5 min to be cleared from blood and then with buffer supplemented with 10 mg/mL liberase TH (Roche Diagnostics GmbH, Manheim, Germany) for 6Á9 min. The heart was placed into Hanks-HEPES buffer supplemented with BDM (10 mM) and FCS (10%). The atria were removed and the ventricles were gently dissociated with scissors and pipettes in the same medium. The suspension was filtered through a nylon mesh (200 mm) and incubated for decantation of the cells for 10 min. 
Inhibitors and chemicals
In some experiments, cardiomyocytes were preincubated for 30 min with different pharmacological inhibitors: L-NAME (100 mM,
Germany). A specific antibody to TNFR1 (purified antimouse TNFR type 1/p55, 20 mg/mL, BioLegend, San Diego, CA), a leaf purified Armenian hamster IgG (20 mg/ mL, BioLegend) or TNF-a (50 ng/mL, Miltenyi Biotec, Bisley, UK) were also used. All drugs were prepared as a stock solution in appropriate solvents. All the drugs were used at already reported maximally active concentrations. On the day of the experiment, stock solutions were diluted to the desired concentration and the final concentration of DMSO was B0.1%. For the treatment with MPs (4 h) of cardiomyocytes further used in western blot, M199 culture medium was supplemented with creatine (5 mM), carnitine (5 mM), taurine (5 mM), HEPES (25 mM) and penicillin/streptomycin (1%). Unless stated, all chemicals were obtained from Sigma-Aldrich (St. Louis, MO).
Western blot
After treatment with MPs for 4 h, cardiomyocytes were homogenized and lysed. Proteins (20 mg) were separated on 4Á12% SDS-polyacrylamide gel (Invitrogen) electrophoresis (150 V, 90 min). Blots were probed with polyclonal rabbit anti-cleaved caspase-3 (Cell Signaling Technology, Danvers, MA), mouse anti-caspase-8 (Cell Signaling), anti-Bax (Santa Cruz Biotechnology, Santa Cruz, CA) and anti-cytochrome C (Santa Cruz). In another set of experiments, total proteins from MPs (10 and 20 mg) were also probed with a polyclonal goat anti-TNF-a (Santa Cruz). Mouse TNF-a recombinant protein was also used as a positive control (1, 2, 4, 8 and 10 ng) (Miltenyi Biotec). A polyclonal goat anti-a-tubulin (Santa Cruz) was used as a loading control. Membranes were washed 3 times in Tris-buffer solution (20 mM Tris, 61.5 mM NaCl) containing 0.1% Tween and incubated for 90 min at room temperature with the appropriate horseradish peroxidaseconjugated secondary antibody (Santa Cruz). Protein bands were detected by enhanced chemiluminescence plus (Amersham Biosciences, Piscataway, NJ). Immunoblots were quantified by densitometric analysis (Bio1D, Scientific Software Group, Provo, UT).
Interaction between MPs and cardiomyocytes
MPs were loaded with 2 mM PKH67 dye stock (SigmaAldrich) in NaCl (0.9%) solution, incubated for 2 min at room temperature and then added to an equal volume of FCS to stop the labelling. MPs were centrifugated (13,000 g, 45 min) and the pellet resuspended in NaCl (0.9%) solution. Fluorescence was checked by flow cytometry (Beckman Coulter). Isolated cardiomyocytes were then stimulated with MPs (10 mg/mL) labelled with PKH67 during 1, 2 and 4 h at room temperature. At the end of stimulations, cardiomyocytes were fixed with paraformaldehyde (2%, 20 min), washed and diluted with phalloidin-tetramethylrhodamine isothiocyanate (50 mg/mL, Sigma-Aldrich) during 90 min at room temperature, in order to label F-actin filaments. After washing with phosphate buffer solution, cells were observed by confocal microscopy (CLMS 700, Zeiss, ZEN fluorescence, Jena, Germany).
Statistics
Results were expressed as mean 9 SEM and n represents the number of cells or mice for functional and western blot experiments, respectively. Statistical analysis was performed using ANOVA and subsequent Bonferroni posthoc test for functional experiments, or ANOVA and MannÁWhitney U-test for western blot data (Prism † V5.0 software).
Results
Expression of TNF-a in MPs from apoptotic macrophages Flow cytometry analysis of MPs (Fig. 1a) showed that 1 mg of MP proteins, the concentration used for the present functional study, corresponds to 52.1495.4)10 3 MPs.
As shown in Fig. 1b , no fluorescence was observed in MPs without TNF-a labelling. Upon labelling, only 1.8% of MPs present TNF-a on surface (Fig. 1c) . Interestingly, we found that TNF-a is inside 11% of MPs as evidenced after permeabilization labelling ( Fig. 1d and e) . This expression was also confirmed by western blot analysis (Fig. 1f) . Using the recombinant protein TNF-a at different growing concentrations as a positive control, these data indicated that MPs from apoptotic macrophages contain the soluble form of TNF-a. However, under our experimental conditions, we cannot exclude the presence of MPs bearing TNF-a at their membrane. Furthermore, the concentration of MPs used has been found in human atherosclerotic plaques (see Ref. 21 ).
Ca
2 ' transient and cell shortening Isolated cardiomyocytes were loaded with Fura-2 (1 mM for 20 min) and paced at 0.5 Hz. Cell shortenings and changes in cytosolic Ca 2 ' were simultaneously recorded. The sarcomere shortening triggered by the electrical stimulation was reduced by MPs (1 mg/mL) and TNF-a (50 ng/mL) ( Fig. 2a and b) , without affecting the resting sarcomere length (Fig. 2c) . The effect was apparent, maximal within 5 min of exposure to the MPs and TNF-a. The maximal velocities of sarcomere shortening and relengthening were also significantly reduced in the presence of MPs and TNF-a ( Fig. 2d and e) . Conversely, Ca 2 ' transient amplitude (Fig. 2f and g ) and kinetics ( Fig. 2h and i) were not significantly modified by MPs and TNF-a, and the diastolic Ca 2 ' level remained unchanged (Fig. 2j) . NO pathway is well documented as a negative modulator of cardiac inotropy (22, 23) . Thus, experiments were carried out to evaluate the impact of inhibitors of this pathway. The reduction of cell shortening amplitude and slowing of contraction kinetics observed when cells were perfused with 1 mg/mL MPs was completely prevented after pretreatment (30 min) of the NOS inhibitor, L-NAME (Fig. 3a, b and c) or of the sGC inhibitor, ODQ (Fig. 3d, e and f) .
Because of the presence of TNF-a revealed by western blotting of MPs (see above), we also tested the effect of (a) SPD304, known to prevent TNF-a binding to its receptor (24) and of (b) a specific antibody to TNFR1. In some control experiments, we also used a leaf purified Armenian hamster IgG (20 mg/mL) which has no effect on cardiomyocyte contractility (data not shown). Interestingly, the effects of MPs (1 mg/mL) upon cell shortening were completely prevented after pretreatment with SPD304 (10 mM, 30 min) (Fig. 4a, b and c) or the antibody to TNFR1 (20 mg/mL, 1 h) (Fig. 4d, e and f) .
The 3 inhibitors (L-NAME, ODQ, SPD 304) and TNFR1 antibody alone have no significant effects upon Ca 2 ' transients (data not shown) and cell shortening (Figs. 3 and 4) concomitantly measured. Interaction between MPs and cardiomyocytes Firstly, using flow cytometer, we checked whether MPs from apoptotic murine RAW 264.7 macrophage cell line, were effectively labelled with the probe PKH67. A right shift of fluorescence peaks clearly confirmed that MPs were efficiently labelled (data not shown).
Then, cardiomyocytes from adult mice were treated with labelled MPs (10 mg/mL) during different durations Fig. 3 . Effects of macrophage MPs (1 mg/mL) upon sarcomeric shortenings of adult murine cardiomyocytes in the absence or in the presence of different inhibitors. (a) Sarcomere shortening (% of resting sarcomere length) and maximal velocities of (b) sarcomere shortening and (c) relengthening, in control, L-NAME (100 mM) alone-treated and MP-treated cardiomyocytes in the absence or in the presence of L-NAME. (d) Sarcomere shortening (% of resting sarcomere length) and maximal velocities of (e) sarcomere shortening and (f) relengthening, in control, ODQ (25 mM) alone-treated, and MP-treated cardiomyocytes in the absence or in the presence of ODQ. Data are expressed as mean9SEM (n017Á50). **PB0.01 vs. L-NAME and MPs'L-NAME. ***P B0.001 vs. ODQ and MPs ' ODQ. Statistical analyses were performed using ANOVA and subsequent Bonferroni post-hoc test. of time (1, 2 and 4 h) and observed in confocal microscopy in a z-stack of serial imaging of 2 mm. After 1 h, MPs were clearly surrounding rod-shaped (i.e. alive) cardiomyocytes (Fig. 5) . After 2 and 4 h of treatment, as illustrated on orthogonal sections in XZ and YZ planes, MPs were internalized into cardiomyocytes undergoing to the early phase of apoptosis (Fig. 5) . Thus, cardiomyocyte apoptosis was also studied after 4 h of pretreatment with MPs (10 mg/mL) in terms of caspase-3, caspase-8, Bax and cytochrome C expressions. The caspase family of aspartatespecific cysteine proteases is the central executor of apoptosis. The expressions of 17 kDa-cleaved caspase-3 and of 18 kDa-cleaved caspase-8 fragments were similarly increased in MP-exposed murine adult cardiomyocytes (caspases vs. a-tubulin densitometric ratios increased, Fig. 6a and b) . The expression of the proapoptotic protein Bax, which determines the ability of cells to undergo apoptosis, was also significantly increased in the presence of MPs and the proapoptotic effect of MPs was further confirmed by an increase of cytochome C on the cytosolic extract probably by an increase of cytochrome C release from mitochondria ( Fig. 6c and d) .
Discussion
In the present work, we used the murine RAW 264.7 cell line induced in apoptosis using actinomycin D to promote MP release. The present study showed that these MPs carry functional TNF-a and activate TNFR1 in isolated adult murine ventricular cardiomyocytes, leading to cell shortening without affecting calcium signalling via a mechanism sensitive to NO synthase inhibitor.
Thus, in the present study, MPs from apoptotic macrophages induced a negative inotropic effect and slowing of both contraction and relaxation, similar to the effects observed in the presence of TNF-a. It should already be noted that such effects were not observed in the presence of MPs obtained from apoptotic human lymphoid CEM T cell line where apoptosis was also induced by treatment with actinomycin D (25) . Furthermore, the negative inotropic effect of MPs from apoptotic macrophages was absent after pretreatment with a TNF-a inhibitor, suggesting that receptors to the cytokine were involved in the responses to MPs. Reduced contractility by cytokines has been described in whole heart, multicellular preparations and isolated ventricular cardiomyocytes, and has been correlated with NO induction by constitutive NOS in numerous studies (3, 4, 26) . However, the findings are contradictory in the time frame of effect of TNF-a. Most report effects occurring progressively, over 10 min (4,7) though relatively acute effects (1 min), have been reported (27, 28) . Furthermore, some studies have shown a biphasic effect of TNF-a, with an initial increase of systolic [Ca 2 ' ] i preceding an ultimate decrease (7, 29) . Furthermore, although most studies have reported a reduction in systolic [Ca 2 ' ] i and shortening (4, 7, 28, 29) , others have found no effect on systolic [Ca 2 ' ] i (4) and even an increase (7). As pointed out by Greensmith and Nirmalan (28) , the lack of homogeneity regarding the effects of TNF-a on contractility in cardiomyocytes may be as a result of the diverse models, temperatures and techniques used. In our study, the maximal effects of MPs from apoptotic murine RAW 264.7 macrophage cell line carrying TNF-a occurred within 5 min and we also showed that within 1 h of treatment, these MPs were still surrounding cardiomyocytes which strongly supports the view that the effects were most likely through receptor binding, that is, TNFRs. This point was reinforced by the complete blockade of the effect in the presence of the TNF-a inhibitor or TNFR1 antibody. Furthermore, the rapid effect of TNF-a by MPs containing the soluble form of the cytokine is not surprising. Indeed, MacKenzie et al. (30) myofilament sensitivity. In the present study, we never observed any change in the amplitude of Ca 2 ' transients.
Our study also showed that the negative inotropic effect of MPs from apoptotic macrophages could be completely blocked by the NOS inhibitor L-NAME and the sGC inhibitor ODQ, suggesting that NO pathway is implicated in the observed effect. It also strongly suggests that the sGC/cGMP/PKG pathway is the sole mechanism for this MP-induced negative inotropy. TNF-a induces cardiomyocyte apoptosis and this effect is mediated by an increase in oxidative stress (31, 32) . (1 mg/mL)-exposed adult murine cardiomyocytes. Data are mean9SEM (n05Á12). *P B0.05 and **P B0.01 vs. control (statistical analyses were performed using ANOVA and MannÁWhitney U-test).
Thepro-apoptoticrole ofTNF-a hasbeen extensively investigated in various in vitro and in vivo models (31Á33). TNF-a causes apoptotic cell death by the two different but interrelated pathways, so-called extrinsic (TNFR binding and caspase-3 activation) and intrinsic (overproduction of ROS and mitochondrial injury) pathways (32) . In the present study, chronic exposure to MPs from apoptotic macrophages induced apoptosis and increased the expression of proapoptotic proteins, such as cleaved caspase-3 and -8, Bax and cytochrome C, suggesting that the intrinsic pathway, involving the mitochondria, was particularly involved in the proapoptotic effects of these MPs. Human atherosclerotic plaques harbour MPs released from apoptotic cell death within the lesion (18). Canault et al. (21) also showed that these MPs carry catalytically active metalloprotease TNF-a converting enzyme (TACE/ ADAM17), which significantly enhances the cell surface processing of the TACE/ADAM17 substrates TNF-a, and TNFR1. Present study suggests that MPs from apoptotic macrophages carry also per se TNF-a that would potentiate their proapoptotic property. Altogether, these data support the interaction between MPs bearing TNF-a and TNFR1 on the cardiomyocytes for the rapid cell shortening and most likely the internalization for the induction apoptosis.
During the acute phase of myocardial infarction, resident macrophages in the myocardial tissue are activated following neutrophil infiltration into the infarcted region. In addition, monocytes, induced by the expression of chemotactic factors, infiltrate the infarcted myocardium, differentiate to macrophages and secrete a variety of inflammatory cytokines participating to the evolution towards cardiac failure. Even if further works need to be carried out in Langendorff perfused hearts in order to add substantially to the physiological relevance of the present study, our report suggests that MPs issued from activated macrophages could carry TNF-a and then contribute to propagation of inflammatory signals leading to myocardial infarction. Thus, the present study allows supporting the hypothesis that MPs from human carotid atherosclerotic plaques may contain active TNF-a, which could contribute to MP-induced inflammatory signals in human atherosclerotic lesions.
